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Are arrival date and body mass after
spring migration influenced by
large-scale environmental factors in
a migratory seabird?
K. Lesley Szostek*, Sandra Bouwhuis and Peter H. Becker
Institute of Avian Research “Vogelwarte Helgoland,” Wilhelmshaven, Germany
Changes in the timing of migratory events have been observed recently in many
migratory species, most likely in response to climatic change. In the common tern Sterna
hirundo we examined such changes in spring arrival date and body mass based on
an individual-based longitudinal data set from a transponder marked colony from 1994
to 2012. Although no long-term trend was observed in either trait, strong inter-annual
and age-specific variation in arrival date and mass was evident. We investigated
whether environmental factors such as (i) global climate phenomena, i.e., North Atlantic
and Southern Oscillation Indices, NAOI and SOI, and/or (ii) local factors, i.e., food
abundance in the wintering and breeding area represented by fish stock ormarine primary
productivity, could explain this variation.We found that 2-year-old birds on their first spring
migration advanced arrival in relation to spring NAOI and delayed arrival in relation to sprat
Sprattus sprattus abundance. The arrival date of 3-year-olds also advanced in relation to
NAOI and delayed in relation to winter SOI. In contrast, adults delayed arrival with NAOI
and advanced in relation to SOI. Within age groups, earlier annual arrival coincided with
higher mass, indicating that a fast and/or early migration did not come at a cost to body
condition. Changes in arrival mass relative to environmental covariates were found only in
2-year-olds on their first spring migration: in these birds arrival mass was positively related
to herring Clupea harengus and sprat abundance in the breeding area as well as spring
NAOI and negatively related to SOI. In conclusion, traits related to migration of common
terns were linked with environmental conditions, but showed no long-term trends over
the past two decades. Age-related differences were marked, suggesting that common
terns might be subject to differing environmental constraints or respond differently to
conditions during their annual cycle depending on their age.
Keywords: age-related changes, arrival date, body mass, environmental impact, long-distance migrant, timing of
migration, NAOI, SOI
Introduction
Physical condition and timing of arrival in the breeding area are important parameters for migra-
tory species with a relatively short reproductive season. In migratory birds, for example, the
probability of reproducing successfully increases with an earlier arrival and a greater body mass
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(Chastel et al., 1995a,b; Kokko and Johnstone, 1999; Bêty et al.,
2004; Verhulst and Nilsson, 2008; Descamps et al., 2011; Sergio
et al., 2014), and early arrival and a greater mass at arrival have
been associated with a reduced mortality risk and increased lifes-
pan (Zhang et al., 2015b). Arrival date and mass are influenced
by, among other factors, environmental conditions duringmigra-
tion and in the wintering area (e.g., Hüppop and Hüppop, 2003;
Crick, 2004; Visser and Both, 2005; Parmesan, 2006; Newton,
2008). In many species, phenology has been observed to change
in response to environmental conditions before and during the
pre-breedingmigration (e.g., Forchhammer et al., 1998; Frederik-
sen et al., 2004; Barbraud andWeimerskirch, 2006;Wanless et al.,
2009).
Variation in temperature, wind and rainfall influences food
availability and foraging success of migrants, which in turn can
affect timing of migration and breeding propensity (Stenseth
et al., 2002). Migratory seabirds are especially affected by off-
shore conditions (Schreiber, 2001). Stormy weather, strong winds
and rain complicate foraging in piscivorous birds (Dunn, 1973;
Finney et al., 1999; Daunt et al., 2006), while local weather
also affects prey availability (Misund et al., 1998, 1997). Adverse
weather can exhaust birds, causing migration to be prolonged
(Newton, 2006). Conditions during winter can affect the physical
state andmolt of individuals, the length of migration, their ability
to return to the colony site and their ability to breed (Schreiber,
2001; Sandvik et al., 2005). In consequence, environmental condi-
tions can affect traits such as arrival date andmass after migration
and cause inter-annual variation in reproductive performance
and survival probability. Despite within-individual consistency
in experienced breeders, substantial variation in arrival dates of
birds was found (Bêty et al., 2004; Arnaud et al., 2013; Sergio et al.,
2014), indicating plasticity and capacity of response in phenology
toward short- and long-term environmental perturbations. Based
on an understanding of inter-annual variation in the timing of
arrival and of the birds’ condition upon arrival at the breeding
sites, these traits can be used as indicators of changing environ-
ments at wintering sites or on migration routes and as a tool for
monitoring population health.
The common tern Sterna hirundo is a small-sized, long-
distance migrant and visual hunter, relying on small pelagic fish
caught by plunge-diving in the upper water layers (Becker and
Ludwigs, 2004). Because of their low body reserves, common
terns are sensitive to food shortage (e.g., Frank and Becker, 1992).
Arrival date (Ludwigs and Becker, 2002; Dittmann and Becker,
2003; Ezard et al., 2007; Becker et al., 2008a; Arnaud et al., 2013;
Zhang et al., 2015b) and arrival mass (Ezard et al., 2007; Limmer
and Becker, 2007) in this species are strongly age-dependent and
associated with fitness: earlier arrival and higher mass increase
breeding success (Wendeln and Becker, 1999; Ezard et al., 2007)
and are associated with reduced mortality and an increased lifes-
pan (Zhang et al., 2015b). The common tern therefore rep-
resents a good species to examine the dependence of these
migratory traits on environmental conditions in its year-round
habitats.
Environmental conditions can be represented by global cli-
mate phenomena, such as the North Atlantic Oscillation Index
NAOI (Hurrell et al., 2001, 2003) or the Southern Oscillation
Index SOI (Trenberth and Caron, 2000; Stenseth et al., 2003).
They affect local weather and fish abundance over large geo-
graphical areas andmight therefore be good integrated indicators
of overall conditions faced by migrant birds, with more predic-
tive power than local weather variables (Stenseth et al., 2002;
Hurrell and Deser, 2009). Food abundance for common terns
breeding on western European coasts, such as the studied colony,
can be measured in West African fish stock (wintering area, see
Figure 1) and North Atlantic herring Clupea harengus and sprat
Sprattus sprattus abundance (breeding area, see Figure 1). The
preferred wintering area of European common terns (Becker and
Ludwigs, 2004) is located in the northwest African upwelling
zone with higher than average marine primary productivity,
which directly influences fish stock (McGregor et al., 2007). In
a preliminary study, some indications were found that NAOI and
SOI might influence return rates and arrival dates, but not arrival
mass of birds in the study colony (Favero and Becker, 2006),
although a similar connection was not found in survival rates
(Szostek and Becker, 2015). Instead, marine primary productiv-
ity in the wintering area was found to be positively related to
common tern survival and recruitment probability (Szostek and
Becker, 2015).
Measuring time of first arrival at the breeding grounds and
body mass upon arrival for individual birds is challenging, espe-
cially obtaining large sample sizes and annually repeated mea-
surements. In a long-term integrated population study of com-
mon terns on the GermanNorth Sea coast, we were able to record
annual spring arrival date and body mass with high reliability for
a considerable number of known-age individuals over nearly two
decades, from 1994 to 2012. Because of the age-related change
in these traits (see above), information on the age of individuals
is vital to studies investigating changes in arrival date and mass
(Ezard et al., 2007).
In this study we focussed on inter-annual variation in arrival
date and body mass and disentangled the variation caused by age,
sex and environmental factors such as food supply and global
climate indices. The aim was to find which of the many environ-
mental constraints faced by the terns year-round exerted most
influence and which part of the common tern life-cycle was most
limiting. We regarded potential differences between age groups
with respect to their sensitivity to the environment and possi-
ble carry-over effects between the wintering and breeding sea-
sons. Specifically we wanted to address the following questions:
(1) Is there inter-annual variation in spring arrival date and
body mass in relation to age and sex? (2) Is there a time trend
in arrival date and body mass between 1994 and 2012, against
the background of global climate change? (3) Do environmental
covariates affect arrival date and body mass and do effects dif-
fer between age groups? (4) Are environmental conditions most
influential during winter or during migration?
Methods
Study Species
Common terns are small, long-lived, piscivorous seabirds
(Becker and Ludwigs, 2004). As common terns are highly
visual plunge-divers, their foraging abilities can be severely
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FIGURE 1 | Wintering and breeding area of the Banter See common
terns, as well as approximate spring migration route. Environmental
covariates are given, along with the geographical locations where they are
expected to affect common terns from the study colony.
compromised by stormy or rainy conditions (Dunn, 1973; Becker
et al., 1985; Becker and Specht, 1991; Frank and Becker, 1992).
Juvenile common terns remain in the wintering area for their
first summer, returning to the breeding grounds as 2-year-olds
(Becker and Ludwigs, 2004). Most individuals spend a “prospect-
ing” season at the colony as non-breeders before recruitment
(Dittmann and Becker, 2003; Dittmann et al., 2007). Arrival
mass increases with age until it reaches a plateau at around 6
years (Limmer and Becker, 2007). Arrival date at the colony also
advances with age and experience (Dittmann and Becker, 2003;
Becker et al., 2008a; Zhang et al., 2015a). First-time arrival date
has been linked with age at first reproduction and can be regarded
as a proxy for individual quality (Becker et al., 2008a; Zhang et al.,
2015b).
Study Site
The Banter See common tern colony is located on the German
North Sea coast (53◦30′40′′N, 08◦06′20′′E). Since 1984 all chicks
at this site have been ringed and since 1992, all fledglings and
101 adult terns from this colony have additionally been injected
with small passive transponders (TROVAN ID 100, 11 × 2mm)
that identify individuals remotely and automatically by antenna.
In a long-term study, we collected individual life-histories of all
native terns at this colony through remote sensing. Antennas
were distributed on prominent platforms around the colony site
and placed around each nest for 1–2 days to identify breeders.
In addition, some platforms were equipped with electronic scales
(Sartorius, TE6100; accuracy ± 1 g) which weighed birds auto-
matically, while also recording their identity by antenna. In 1994
the system included 11 antennas and 7 scales and the devices were
alternated between resting platforms throughout the colony. The
number of registration devices was continuously increased as the
colony grew until there were 44 permanent registration platforms
(since 2002) of which 22 were also equipped with scales. The
system recorded individual presence and mass throughout the
breeding season with minimal disturbance to the colony (Becker
and Wendeln, 1997; Becker et al., 2008b). For this study we
used data between 1994 and 2012. Permissions were granted by
the regional authorities “BezirksregierungWeser-Ems, StadtWil-
helmshaven” and “Nds. Landesamt für Verbraucherschutz und
Lebensmittelsicherheit Oldenburg.”
Arrival Date and Arrival Mass
Common terns are generally registered immediately upon arrival,
as they like to sit on the elevated platforms. Arrival dates were
defined as the first automatic registration of a bird at the colony
(cf. Ludwigs and Becker, 2002; Dittmann and Becker, 2003;
Becker et al., 2008a). Dates were disregarded, if the first regis-
tration was less than 10 days before the recorded laying date for
breeders (9.2% of cases per year), thereby excluding birds first
recorded on the nest. Arrival body mass was calculated as the
mean of masses measured independently during the first 3 days
after arrival at the colony. Measurements that were falsified by
wind or rain influencing the reading of the scale were disregarded
(for details see: Wendeln and Becker, 1996; Limmer and Becker,
2007). In total the data set comprised 7576 arrival dates and 3664
arrival masses from 1607 individuals. The arrival mass data for
each individual included on average 5.05 ± 7.97 (range 1–110)
independent measurements.
Environmental Covariates
We focussed on six environmental covariates, concerning food
abundance and global weather patterns both in the wintering and
breeding area (for details see Table 1). We chose global climate
indices (NAOI and SOI) rather than local weather variables for
two reasons: firstly we did not want to include too many covari-
ates (Frederiksen et al., 2014) and a compound parameter makes
that possible; secondly, exact enough data on where the terns
spend their winter months and by which route they migrate are
currently not available. The data that are available from geolo-
cation (Becker et al., unpublished) show that adult birds spread
widely across the West African coast and do not always use the
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TABLE 1 | Covariates used in statistical analyses: abbreviation, definition, source and available timeframe.
Variable Definition Unit Range
(min–max)
Source Available
data
wSOI Southern Oscillation Index during the
winter period (October–March):
standardized mean monthly values
−1.80–2.23 International Research Institute for Climate and
Society (IRI) Data Library
(http://iridl.ldeo.columbia.edu/docfind/databrief/
?sem=iridl%3AClimate-Indices)
1994–2012
sNAOI North Atlantic Oscillation during the spring
migration (April–June): monthly principle
component values
−1.52–2.33 Climate Data Guide at the National Centre for
Atmospheric Research (https://climatedataguide.
ucar.edu/climate-data/hurrell-north-atlantic-oscillation-
nao-index-pc-based)
1994–2012
Prim Primary productivity in the wintering area mg C/m2/day 1088–1293 College of Science, Oregon State University, USA
(http://www.science.oregonstate.edu/ocean.
productivity/standard.product.php)
2002–2012
Herring Abundance of herring (recruitment, size
class 0) in the North Sea (area roughly
Southern North Sea and Eastern Channel)
Estimated number
of individuals
21423521–
86616423
International Council for the Exploration of the Sea
(ICES), 2013, Report of the Herring Assessment
Working Group for the Area South of 62 N (HAWG),
page 111
1994–2012
Sprat Abundance of sprat (all size
classes—larvae to ca. 15 cm) in the North
Sea (area roughly Southern North Sea and
Eastern Channel)
Abundance index:
landings per unit
effort (lpue)
736–4921 International Council for the Exploration of the Sea
(ICES), 2013, Report of the Herring Assessment
Working Group for the Area South of 62 N (HAWG)
1994–2012
wFood = Fish
stock in the
wintering area
Abundance of small pelagic fish off the
Northwest African coast (between the
southern border of Senegal and the
northern Atlantic border of Morocco)—size
between ca. 4 and 20 cm.
Weight in tons 1138524–
1450632
Food and Agriculture Organization of the United
Nations (FAO), 2011, Fisheries and Aquaculture
Report No. 975, page 120
1994–2009
same migration route. This makes global climate indices more
likely to show a broad effect than local weather data. NAOI is
likely to affect individuals on migration, although its effects are
strongest in the winter and therefore might not be relevant to
very late migrating individuals, such as young birds. SOI has
global influence, but is most likely to affect birds in the winter-
ing area and we therefore restricted this variable to the winter
months.
Food abundance in the breeding area and on the final part
of migration in the English Channel and North Sea was rep-
resented by the most common prey species herring and sprat.
These estimates were based on fishery data corrected for fish-
ing effort (ICES, 2013). Fish stock in the wintering habitat was
represented by small pelagic fish of various species in consum-
able size for common terns, including the the most common
prey of common terns, sardines Sardina pilchardus; Sardinella
sp. and anchovies Engraulis encrasicolus (cf. Dunn and Mead,
1982; Becker and Ludwigs, 2004), but also horse mackerel Tra-
churus trachurus, t. trecae, Caranx rhonchus and chub mackerel
Scomber japonicus. In this case, fishery data were not corrected
for fishing effort (FAO, 2011) and therefore this variable must
be used with caution. As another indicator of food abundance
in the wintering area we included marine primary productivity.
Although the relationship between primary productivity and the
presence of top-predators is not always straightforward (Grémil-
let et al., 2008) we used very wide ranging temporal and spatial
constraints. So even if a spatial or temporal mismatch were to
occur, the average values used in this study are an indication of a
year of high or low food abundance.
TABLE 2 | Arrival date and body mass, including mean, standard deviation,
range per age group (2-year-olds, 3-year-olds and adults) and sample size.
Age group Mean SD Min Max N
Arrival body mass (g) 2 year 125 2.92 119 129 644
3 year 129 3.52 120 137 698
Adults 132 2.42 128 138 2424
Spring arrival date 2 year 181 6.45 175 197 1433
(day-of-year) 3 year 148 6.02 131 158 1139
Adults 120 2.82 113 124 5279
Statistics
All arrival date and mass variables per age group (Table 2), as
well as all covariates were normally distributed (Kolmogorov-
Smirnov test: p > 0.05, N = 11–19 years). We tested the
environmental covariates for inter-correlation using Pearson’s
correlation, based on which we eliminated the variable NAOI
during autumn migration, as it correlated with winter SOI. None
of the other environmental covariates were correlated (p > 0.05,
R2 < 0.353).
To test for a relationship between arrival date and mass,
we performed an additive cross-classified random effects model
with normally distributed errors and a Markov chain Monte
Carlo estimation algorithmwith 100,000 iterations (Browne et al.,
2007). Arrival mass (N = 3663 cases from 1138 individuals)
was the dependent variable, with age group (ages 2 years, 3
years and adults of 4 years and older; age-group 2 years was the
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TABLE 3 | Minimal adequate additive cross-classified random effect
model describing significant effects of age, sex and environmental
covariates on arrival date of common terns (1994–2012).
Parameter Estimate SE Chi-square P
Factor Sex −1.748 0.351 24.782 <0.001
Age (2) Ref
Age (3) −28.438 1.973 1687.816 <0.001
Age (4+) −56.022 1.379
Covariates sNAOI −2.945 0.737 15.967 <0.001
wSOI 0.583 0.847 0.474 0.491
Sprat 0.153 0.077 3.911 0.048
Age*sNAOI 0.539 1.094 28.007 <0.001
4.211 0.854
Age*wSOI 1.429 0.745 44.745 <0.001
−2.007 0.572
Age*sprat −0.157 0.074 7.478 0.024
−0.110 0.045
Cross-classified Year 7.829 3.758
random factor Id 231.645 3.781
Non-significant terms were excluded in a stepwise progression, until only significant terms
remained. N = 7576 cases from 1607 individuals.
reference group) and sex as fixed factors, as well as arrival date as
covariate. Cross-classified random effects were year and bird-ID,
which accounted for inter-annual and within-individual varia-
tion. These random effects remained in the model irrespective of
their significance.
In order to test for year-, age- and sex-effects in arrival date
and mass, we used additive cross-classified random effects mod-
els in which arrival date (N = 7576 cases from 1607 individuals)
and arrival mass (N = 3663 cases from 1138 individuals) were
dependent variables with age group and sex as fixed factors as
well as year as covariate to test for a trend in time. As above, the
cross-classified random effects year and bird-ID accounted for
inter-annual and within-individual variation, respectively, and
remained in the model irrespective of their significance.
We calculated the effects of environmental covariates, as well
as age group and sex on arrival date/arrival mass using addi-
tive cross-classified random effect models, as described above.
Since birds of different age migrate at different times and might
therefore be influenced by different environmental influences,
we also included an interaction of each environmental covari-
ate with age group. Full models were simplified by backward
stepwise removal of non-significant covariates and interactions.
Significance (p < 0.05, two-tailed) was assessed using the Wald
statistic, which approximates a χ2 distribution. Statistics were
done using MLwiN 2.26 (Rasbah et al., 2012). Please note that
a negative relationship between arrival date and an environmen-
tal covariate indicates an advanced arrival, while a positive rela-
tionship indicates a delayed arrival. Any relationships between
arrival date, arrival mass and environmental factors found in this
study are not necessarily causal and since we considered only a
subsection of possible environmental covariates, there might be
other relevant factors not included here. However, reliable data
TABLE 4 | Minimal adequate additive cross-classified random effect
model describing significant effects of age, sex and environmental
covariates on arrival mass of common terns between 1994 and 2012.
Parameter Estimate SE Chi-square P
Factors Sex −1.420 0.277 26.227 < 0.001
Age (2) Ref
Age (3) 8.929 1.901 67.915 < 0.001
Age (4+) 12.411 1.510
Covariates sNAOI 1.258 0.649 3.758 0.053
wSOI −1.432 0.673 4.526 0.033
Herring 0.095 0.032 8.596 0.003
Sprat 0.077 0.052 2.212 0.137
Age*sNAOI −1.473 0.879 8.501 0.014
−2.205 0.756
Age*wSOI 1.104 0.646 12.274 0.002
1.797 0.537
Age*herring −0.092 0.032 18.312 < 0.001
−0.093 0.022
Age*sprat −0.048 0.056 8.172 0.017
−0.105 0.037
Cross-classified Year 3.001 1.572
random factor Id 68.529 1.610
Non-significant terms were excluded in a stepwise progression, until only significant terms
remained. N = 3663 from 1138 individuals.
on potentially relevant environmental covariates are scarce and
not always readily available.
In fact, not all covariates regarded here were available for the
full study period, 1994–2012. The entire set of covariates was
available between 2002 and 2009. In order to make best use of
the extensive longitudinal data-set available, we ran the analy-
ses for four subsets of data: firstly including those covariates that
were available for the entire time period (1994–2012: herring,
sprat, NAOI, SOI—Tables 3, 4), then three reduced time peri-
ods (2002–2009: all covariates; 1994–2009: herring, sprat, NAOI,
SOI, fish stock in the wintering area; 2002–2012: herring, sprat,
NAOI, SOI, primary productivity—Supplementary Tables 1–6).
Out of the covariates, only fish stock in the wintering area showed
a trend over time (R = 0.914, p > 0.001, N = 16 years), possibly
due to continuously increasing fishing effort.
Results
Arrival Date
There was no apparent long-term trend for arrival date in any
age group (2 year: R2 = 0.008, 3 year: R2 = 0.009, adults:
R2 = 0.003; p > 0.05; Figure 2). Mean arrival date (Table 2) per
year was not correlated between age groups (adults vs. 3-year-
olds: Pearson’s R = 0.155, p = 0.526, N = 19 years; adults vs.
2-year-olds: R = −0.111, p = 0.652, N = 19; 2-year-olds vs.
3-year-olds: R = −0.063, p = 0.797, N = 19). Also, incidents of
very early or very late arrival were not coordinated between age
groups (Supplementary Table 7).
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FIGURE 2 | Arrival date (day-of-year: mean ± SD; raw data) at the colony for 2-year-olds, 3-year-olds and adults between 1994 and 2012 (N2y = 1433,
N3y = 1139, Nad = 5279).
Accounting for the cross-classified random effects of year and
bird-ID (year: estimate = 6.648; SE = 2.877; ID: estimate =
234.452; SE = 3.808), when testing for year-, age- and sex-
effects on arrival date there was a significant difference between
age groups (2 year: reference; 3 year: estimate = −31.581; SE =
0.658; adults: estimate= −60.201; SE = 0.495; χ2 = 15782.214;
p < 0.001) and between sexes (females compared to males: esti-
mate = −1.740; SE = 0.353; χ2 = 24.289; p < 0.001), but
the model confirmed the absence of a time trend (covariate year:
estimate= 0.106; SE= 0.106; χ2 = 1.000; p = 0.317).
Arrival Mass
There was no apparent long-term trend for mean arrival mass in
any age group (R2 < 0.001; p > 0.05; Figure 3). Mean arrival
mass per year was not correlated between age groups (adults vs.
3-year-olds: Pearson’s R= 0.201, p = 0.409,N = 19 years; adults
vs. 2-year-olds: R = −0.123, p = 0.626, N = 19; 2-year-olds vs.
3-year-olds: R = 0.128, p = 0.611, N = 19). Very high or very
low arrival mass did not occur in the same years for different age
groups (Supplementary Table 7).
Accounting for the cross-classified random effects of year
and bird-ID (year: estimate = 2.136; SE = 1.047; ID:
estimate= 69.077; SE = 1.618), when testing for year-, age-
and sex-effects on arrival mass there was a significant difference
between age groups (2 year: reference; 3 year: estimate = 4.277;
SE = 0.502; adults: estimate= 6.416; SE = 0.406; χ2 = 255.848;
p < 0.001) and between sexes (females compared to males:
estimate = −1.387; SE = 0.277; χ2 = 25.056; p < 0.001),
but there was no time trend (covariate year: estimate = −0.087;
SE = 0.071; χ2 = 1.508; p = 0.219).
Relationship between Arrival Date and Mass
We found a significant negative correlation between arrival date
and mass on arrival (covariate arrival date: estimate = −0.107;
SE = 0.006; χ2 = 360.947; p < 0.001). When accounting for
arrival date, the significant but small age group differences in
arrival mass between the sexes remained (estimate = −1.666;
SE = 0.274; χ2 = 37.064; p < 0.001), while age effects disap-
peared (2 year: ref; 3 year: estimate = 0.831; SE = 0.604; adult:
estimate = 0.262; SE = 0.734; χ2 = 3.138; p = 0.208). Cross-
classified random factors were year and bird ID (year: estimate=
1.809; SE = 0.915; ID: estimate= 67.321; SE = 1.582). Incidents
of very early (or late) arrival date were in some cases coordi-
nated with very high (or low) arrival mass between age groups
(Supplementary Table 7).
Environmental Covariates: Effects on Arrival Date
A model with arrival date as dependent variable, age group and
sex as factors, year and bird ID as additive cross-classified ran-
dom factors as well as all environmental factors as covariates
(time period 2002–2009) revealed that there were significant dif-
ferences between sexes, as well as significant interactions of age
group with winter SOI and sprat. These interactions showed a
positive relationship between arrival date and SOI in 2- and 3-
year-olds (i.e., they delayed arrival with higher SOI), while there
was no relationship in older birds. In relation to sprat, 2-year-olds
advanced arrival with higher sprat abundance, while 3-year-olds
and adults delayed arrival. Females consistently arrived between
1 and 2 days earlier than males.
The equivalent model over the period 1994–2012 (includ-
ing herring, sprat, sNAOI, wSOI; Table 3) revealed similar
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FIGURE 3 | Mass on arrival (mean over first 3 days of colony attendance ± SD; raw data) for 2-year-olds, 3-year-olds and adults between 1994 and
2012 (N2y = 644, N3y = 698, Nad = 2424).
interactions of age groups with winter SOI and sprat, but also
an additional interaction of age with spring NAOI (Table 3,
Figure 4A). Here, interactions indicated a negative relationship
between arrival date and spring NAOI in 2- and 3-year-olds (they
arrived 11 and 9 days earlier over the entire measured range of
spring NAOI), while in adults arrival was delayed by 5 days in
relation to NAOI. In response to winter SOI, 2- and 3-year-olds
delayed arrival (by 2 and 8 days, respectively), as in the short
model, while adults now exhibited advanced arrival date with
SOI (by 6 days). The relationship with sprat was now positive
in 2-year-olds (corresponding to a 6 day delay), while adults still
showed a slight positive relationship (2 day delay) and 3-year-olds
showed no response. Females consistently arrived between 1 and
2 days earlier than males.
Environmental Covariates: Effects on Arrival
Mass
Analysis of arrival mass in the same framework (time period
2002–2009) again revealed significant age and sex effects. Out
of the environmental covariates, only winter SOI was negatively
correlated with arrival mass and in interaction with age group
(Supplementary Table 4). The interaction indicated an increase in
arrival mass with higher SOI in 2- and 3-year-olds, while adults
showed no relationship. Males consistently arrived 2–3 g heavier
than females.
The equivalent model over the period 1994–2012 also
included the age-SOI interaction, but additionally showed sig-
nificant age-interactions with spring NAOI, herring and sprat
(Table 4, Figure 4B). In the interaction with SOI the response
in arrival mass was contrary to the model comprising the short
time-span: in 2-year-olds there was a negative relationship (cor-
responding to a mass decrease of 6 g over the entire measured
range of winter SOI), while in 3-year-olds and adults there was
a very small increase (1 g). A positive relationship was found
between NAOI and arrival mass in 2-year-olds (corresponding
to a 5 g increase in arrival mass), while there was a weak neg-
ative relationship in 3-year-olds (1 g decrease) and adults (3 g
decrease). The interaction with herring was strong in 2-year-
olds, who showed an increase in arrival mass with higher her-
ring abundance by 6 g over the entire observed range of herring
abundance; 3-year-olds and adults exhibited no response. Sprat
showed a weaker positive relationship with arrival mass in 2-
year-olds (corresponding to a 3 g increase), with 3-year-olds and
adults responding very little (a 1 g in- and decrease, respectively).
Between 1994 and 2012, males consistently arrived 1–2 g heavier
than females.
Discussion
Our analyses revealed strong variation in both arrival date and
body mass upon arrival in a small and long-lived piscivorous
bird species, the common tern. Surprisingly and in contrast to
findings in other species (see refs below), however, there was no
long-term trend in either trait. Instead, arrival date was linked
with various environmental covariates, with the strength and
direction of relationships depending on age. Carry-over effects
from the wintering area seemed particularly relevant to arrival
date: SOI significantly predicted arrival in all age groups. Con-
ditions during migration and in the breeding habitat, as repre-
sented by NAOI and sprat abundance, also appeared influential.
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A
B
FIGURE 4 | Predicted effects of environmental factors on the change in
(A) arrival date (in days, Table 3) and (B) arrival mass (in grams, Table 4)
in three age groups (2-year-olds, 3-year-olds and adults) over the
observed range of the respective covariates between 1994 and 2012.
The fact that there was no correlated annual fluctuation between
age groups and often contrary responses to the same environ-
mental covariates indicates that different age groups experience
differing environmental constraints during their annual cycle,
which might have a compensatory effect against environmen-
tal stochasticity and thereby help maintain population stability.
Arrival body mass at the colony was affected by environmental
covariates only in the youngest age group on their first spring
migration. These 2-year-olds’ arrival mass showed a correlation
with winter SOI and spring NAOI and was also related to sprat
and herring abundance, indicating effects during the latter part
of migration.
Arrival Date and Body Mass
Arrival date advances strongly with age (Dittmann and Becker,
2003; Becker et al., 2008a; Zhang et al., 2015a) and experience
(Ludwigs and Becker, 2002), as does arrival mass, to a certain
extent (Limmer and Becker, 2007). On average, 2-year-olds arrive
between 40 and 60 days after adult birds (Becker et al., 2008a;
Arnaud et al., 2013). They either need far more time for their first
springmigration than adults and 3-year-olds, or they depart from
the wintering area later, or both (Sergio et al., 2014). Since 2-year-
old individuals are mostly prospectors and very rarely breed they
might not be under great pressure to arrive early in the season
(Ludwigs and Becker, 2002; Szostek and Becker, 2012). Similarly,
3-year-old terns arrive on average between 20 and 40 days later
than adults. Although they gained some experience from their
first migration they still either depart later or need more time to
migrate than experienced adults, or both (cf. Sergio et al., 2014).
Contrary to some earlier studies (Dittmann and Becker, 2003;
Becker et al., 2008a) we found that females arrived marginally
earlier than males (1–2 days). Males arrived marginally heavier
(1–3 g) than females, which is consistent with findings that males
are generally slightly larger than females (e.g., Nisbet et al., 2007).
Although differences were small, they appeared consistently and
were significant in all models.
With regard to inter-annual variation and long-term trends,
results for arrival date and body mass were very coherent.
Although a distinct age-distribution was apparent in arrival date
and to a lesser extent in arrival mass, and variation was strong
both within and between years, there was no long-term trend in
either variable (Figures 2, 3, also cf. Ezard et al., 2007). In other
bird species in the northern hemisphere, however, an advance-
ment in arrival or laying date due to climate change was apparent
(e.g., Hüppop and Hüppop, 2003; Crick, 2004; Visser and Both,
2005; Parmesan, 2006), including an advancement of breeding
date in relation to spring temperature and NAOI in the Arc-
tic tern Sterna paradisaea (Møller et al., 2006). In British terns
(Arctic, common, and sandwich Sterna sandvicensis) an advance-
ment in arrival and laying date was found (Wanless et al., 2009),
while in the common terns of the study colony, laying date was
unexpectedly found to become delayed over time (Ezard et al.,
2007). It is possible that arrival and laying date are influenced by
different environmental factors or that cues affecting departure
from the wintering area are not linked with those in the breed-
ing area (Both and Visser, 2001; Végvári et al., 2010). This is
consistent with the lack of correlations we found between envi-
ronmental covariates in the wintering and breeding area. Prey
fish become increasingly available in the breeding area around
early April when water temperatures start to increase, triggering
the migration of juvenile herring and sprat into the coastal waters
of the Wadden Sea (Dänhardt and Becker, 2014). If an increase
in temperatures resulted in earlier herring and sprat availability,
it would be an advantage for adult terns to advance their arrival
and thereby extend their breeding season.
Arrival date andmass were not correlated between age groups,
so there were no “bad” or “good” years over the entire age spec-
trum, only for the distinct age groups. This indicates that different
intrinsic or extrinsic factors might be affecting each age group
or that the same factor might change over time within the year
and thus might affect the age groups differently as they migrate
at different times. Stronger temporal variation in arrival date of
2- and 3-year-olds indicates stronger susceptibility to environ-
mental factors in these younger age groups (Table 2; Favero and
Becker, 2006; also for survival: Szostek and Becker, 2012). These
age-related differences can be attributed to experience to some
extent, but since arrival date is in part a heritable trait and early
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arrival improves reproductive success, this variation might also
represent a target for selection and the lower variability in adults
could be due to canalization (Arnaud et al., 2013). Furthermore,
variation in plasticity of traits such as arrival date could also
be heritable and selected for in interaction with environmental
influences (Brommer et al., 2008).
Arrival date and mass were negatively correlated. Generally,
the later arriving individuals tend to be the younger ones that
find it harder to maintain their body mass in stressful circum-
stances, such as migration (cf. Dittmann and Becker, 2003; Ezard
et al., 2007; Limmer and Becker, 2007). However, arrival mass
still decreased with later arrival date when corrected for age
group, individual and annual variation. This indicates that an
early arrival date is not achieved at a cost to body condition, but is
rather an indicator for individual quality (cf. Becker et al., 2008a;
Zhang et al., 2015a). In this context, age was not a significant pre-
dictor of arrival mass any longer, as this general rule seems to be
true for all age groups: Earlier birds are “better” individuals that
can maintain a higher body mass.
Environmental Covariates: Effects on Arrival Date
There were strong age-related differences in the relationships
between environmental covariates and arrival date. Generally, 2-
year-olds and adults often reacted in opposite ways to the same
environmental covariate, whereas 3-year-olds responded alter-
nately with their older or younger counterparts or showed no
response (Figure 4A). Considering the different time periods that
the age groups migrate in and the differing pressures they are
under, this is not unexpected.
In the breeding area, sprat, but not herring, was associ-
ated with a delay of 2-year-old arrival date by 6 days over the
entire measured range of sprat abundance. Sprat in the North
Sea (= breeding area) was available to terns on the latter part
of their migratory journey, so high abundance and availability
of their main prey items might cause them to spend more time
foraging during and after migration before visiting the breed-
ing colony, resulting in a later arrival. As 2-year-olds might not
be under strong pressure to breed, such a behavioral strategy
might give them the chance to improve their body condition
after their first spring migration. Furthermore, an effect of NAOI
on the advancement of arrival date by 11 days over the total
observed range of NAOI was also apparent in 2-year-olds (see
Figure 4A, Table 3). During low NAOI years strong wind sys-
tems can be suppressed (Hurrell et al., 2003), which may help
inexperienced birds migrate faster. Additionally, the NAOI influ-
ences food abundance (Attrill and Power, 2002), although the
negative relationship indicates an earlier arrival under “worse”
feeding conditions. This is consistent with the finding that 2-year-
old common terns delay arrival in response to higher sprat abun-
dance. In combination, these findings suggest that young birds
engage in a trade-off: when feeding conditions are favorable, they
accept a later arrival in exchange for an improved body condition,
while they might speed up their migration when food availability
is poor. Spring arrival date has been linked to the NAOI in several
passerine and non-passerine migrants (e.g., Hüppop and Hüp-
pop, 2003; Žalakevic`ius et al., 2009), as has timing of breeding in
black-legged kittiwake (Rissa tridactyla) and common guillemot
(Uria aalge: Frederiksen et al., 2004). The relationship with SOI
was very slight in 2-year-olds: it resulted in a 2 day delay with
increasing SOI.
The relationship of 3-year-old birds’ arrival date with environ-
mental covariates was similar to that of 2-year-olds in direction,
but the relative impact was mostly different. Three-year-olds
showed an advancement of arrival with rising NAOI of 9 days,
which was similar to their younger conspecifics and might well
be due to similar underlying mechanisms. Their response to
winter SOI, however, was much stronger, resulting in an 8 day
delay over the total measured range of this global climate index.
The strong delay of arrival date with winter SOI indicates that
environmental conditions in the wintering area were an impor-
tant driver of a fast and/or early migration in terms of weather
conditions and possibly food abundance. This would have a
lasting carry-over effect on the breeding career of a 3-year-
old pre-breeder, as an early arrival improves the chances for a
first-time breeding attempt (Ludwigs and Becker, 2002; Becker
et al., 2008a). Contrary to younger birds, there was no rela-
tionship with sprat abundance, which could be explained by
the older birds’ improved foraging efficiency, or by the differ-
ent time of arrival, when other food sources might be more
relevant.
In adult birds, relationships between arrival date and environ-
mental covariates were mostly contrary to those in the younger
age groups. Generally, we would expect the older and more expe-
rienced birds to be less dependent on environmental conditions
than their younger and less experienced conspecifics, as they
showed far less inter-annual variability in arrival date and body
mass, as well as in their vital rates (Ezard et al., 2006; Szostek
and Becker, 2012). However, since the sample size was very high
for this group it is likely that even correlations with small effect
size became significant in these analyses. In any case, the covari-
ates with the strongest effect were related to the global climate
indices: Adult birds advanced their arrival date by up to 6 days
over the entire measured range of winter SOI in accordance with
the tendencies found by Favero and Becker (2006). Similarly,
relationships between arrival date and SOI have been reported
from the southern hemisphere, although there they appeared in
conjunction with a delay in arrival and laying date (Barbraud
and Weimerskirch, 2006), or in concurrence with El Niño events
(Kalmbach et al., 2001). A tropical roseate tern Sterna dougallii
population showed delayed breeding in years of high multivari-
ate ENSO, a climate index related to the SOI, but the effects
were also related to local sea surface temperature (Ramos et al.,
2002). A significant correlation was also found in adult birds with
spring NAOI, which resulted in a delay of up to 5 days, indi-
cating an earlier arrival when weather conditions (Hurrell et al.,
2003) and food abundance (Attrill and Power, 2002) are favor-
able. A very slight delay of 2 days could be attributed to sprat
abundance in the breeding area, although such a small delay may
not have strong implications for reproductive success or survival.
Although arrival date was shown to be delayed in 2-year-old and
adult terns in response to prey fish abundance, it is possible that
despite a slightly later arrival date, the increase in body condition
resulting from increased foraging success might advance laying,
as shown in common terns by Wendeln (1997) and Dänhardt
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and Becker (2014). Diamond and Devlin (2003) found an impact
of herring stock in the breeding area on laying dates of puffins
Fratercula arctica, yet not on Arctic terns Sterna paradisaea or
common terns in the same habitat.
That birds of different age groups migrate at different times
of the year and are under varying amounts of pressure to arrive
in the breeding area early is not a new idea, but we have shown
here that the three age groups are affected differently by envi-
ronmental constraints in their year-round habitats. While 2-
year-olds, as inexperienced hunters (Dunn, 1972 for sandwich
terns), are more strongly dependent on food abundance and
weather conditions during migration, 3-year-olds show carry-
over effects from the wintering habitat and adults seem less
strongly affected overall. There is no clear season where envi-
ronmental conditions appear most limiting to arrival date, this
trait seems to be sensitive to conditions during migration as
well as being subject to carry-over effects from the wintering
area.
Environmental Covariates: Effects on Arrival
Mass
The findings concerning arrival mass weremostly consistent with
those relating to arrival date. However, differences between age
groups were even more strongly pronounced. While 2-year-olds
were strongly affected by multiple factors, the older age groups of
3-year-old and adult birds showed no strong response in arrival
mass to any environmental covariate (Figure 4B). There was a
slight decrease in adult arrival mass in relation to NAOI, but
it resulted in only a 3 g change over the entire NAOI range,
which birds would be able to recover from quickly during the pre-
courtship period (Frank and Becker, 1992; Wendeln and Becker,
1996).
As 2-year-olds are likely to be less proficient foragers (Dunn,
1972) and are also inexperienced as migrants, it is not unexpected
that they would show the greatest response in their body condi-
tion on arrival. We found a strong increase in response to higher
herring abundance in the breeding area of 6 g and a weak increase
of 3 g in response to higher sprat abundance. Since clupeoids and
especially herring are among the most common and nutritious
food sources for common terns in the breeding area (Massias
and Becker, 1990; Frank, 1992; Wendeln, 1997), it makes sense
that body mass would vary according to the abundance of her-
ring (Wendeln and Becker, 1996). Since herring is available on
the last leg of the migratory journey, these results indicate that
terns probably feed continuously during migration or that their
body condition quickly adapts to the wealth or dearth of food in
the breeding area upon arrival (for daily mass changes see Frank
and Becker, 1992). In addition, there was an equally strong rela-
tionship with the climate indices, which resulted in an increase
of 5 g in relation to spring NAOI. This is most likely due to
the NAOI affecting prey, other than herring and sprat, causing
better feeding conditions during periods of lowNAOI (Attrill and
Power, 2002). Furthermore, we found a 6 g decrease in arrival
mass in response to winter SOI. The most limiting conditions
for arrival mass seem to appear during the migration period and
the early breeding season, and yet arrival mass is also subject to
strong carry-over effects from the wintering area in the youngest
age group of common terns.
Concluding Remarks
Our findings underline the importance of age in the study of phe-
nological traits including those related to migration (cf. Ezard
et al., 2007). The strong advancement of arrival with age com-
binedwith an improvement of body condition reflects the process
of canalization in the timing of arrival along with a reduction in
variance with age (Arnaud et al., 2013). Yet, even when account-
ing for age, no long-term trends across the 19 years of the study
were evident in either trait. For arrival date in spring this result is
in contrast withmany other, mainly passerine, bird species, which
advanced their arrival over the past decades (refs see above).
Instead, we found effects of environmental factors on arrival
date and mass, operating both during the wintering season and
spring migration. Most interesting here was our finding that age
groups responded very differently to variation in environmental
conditions. Still, the relationship between arrival date and envi-
ronmental factors remains a complicated one. As a long-distance
migrant, the common tern is dependent on conditions in two
distinct habitats connected by the migration route (Figure 1).
Relevant environmental factors are not necessarily synchronous
(we found them not to be correlated) andmight affect the terns in
opposing ways in their wintering area and on migration, or their
effects might cancel each other out.
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